Resident macrophages have been suggested to participate in the initiation of beta cell damage during the development of autoimmune diabetes. The purpose of this study was to determine if the endogenous production and release of interleukin 1 (IL-1) in human islets of Langerhans by resident macrophages results in the inhibition of beta cell function. Treatment of human islets with a combination of tumor necrosis factor (TNF) + lipopolysaccharide (LPS) + interferon-gamma (IFN-gamma) stimulates inducible nitric oxide synthase (iNOS) expression, nitric oxide production, and inhibits glucose-stimulated insulin secretion. The IL-1 receptor antagonist protein (IRAP) prevents TNF + LPS + IFN-gammainduced iNOS expression and nitrite production, and attenuates the inhibitory effects on glucose-stimulated insulin secretion by human islets. Inhibition of iNOS activity by aminoguanidine also attenuates TNF + LPS + IFN-gamma-induced inhibition of insulin secretion by human islets. These results indicate that the inhibitory effects of TNF + LPS + IFN-gamma are mediated by nitric oxide, produced by the actions of IL-1 released endogenously within human islets. Reverse transcriptase polymerase chain reaction was used to confirm that TNF + LPS + IFN-gamma stimulates the expression of both IL-1alpha and IL-1beta in human islets. 
Introduction
Insulin-dependent diabetes mellitus (IDDM) 1 is characterized by a local inflammatory reaction in and around islets of Langerhans, followed by selective destruction of pancreatic islet ␤ cells. Resident macrophages have been proposed to be one islet cell type that may initiate ␤ cell damage during the development of autoimmune diabetes (1) . Evidence to support this proposal includes studies showing that macrophage depletion by feeding a diet deficient in essential fatty acids (2) prevents the development of diabetes induced by multiple injections of streptozotocin in CD-1 mice, and attenuates the natural occurrence of diabetes in the Bio Breeding (BB) rat (3, 4) . In addition, macrophage depletion by silica treatment attenuates the natural development of diabetes in BB rats (5) . While these studies support a role for macrophage involvement in autoimmune diabetes, the mechanisms by which intraislet macrophages participate in the development of autoimmune diabetes are unknown.
In 1991, Lacy and Finke (6) showed that treatment of isolated islets with high concentrations of rat IFN-␥ resulted in islet destruction after a 4-7-d culture. Culturing islets for 7 d at 24 Њ C, a treatment that results in the depletion of Ͼ 98% of islet class II-positive lymphoid cells (presumed to be macrophages), prevents IFN-␥ -induced islet destruction (6) . Recently, we have shown that treatment of rat islets with TNF ϩ LPS results in a potent inhibition of insulin secretion that is mediated by the intraislet release of IL-1, followed by IL-1-induced inducible nitric oxide synthase (iNOS) expression by ␤ cells (7) . Although these studies indicate that islet lymphoid cells and the intraislet production of IL-1 can inhibit ␤ cell function, the extent to which resident human macrophages participate in the development of IDDM, and the mechanisms by which these cells mediate ␤ cell damage are unknown. In this study we have evaluated the effects of resident macrophage activation on ␤ cell function in human islets of Langerhans. We show that treatment of human islets with TNF ϩ LPS ϩ IFN-␥ , conditions known to activate macrophages, results in the expression of iNOS, the increased production of nitric oxide, and a potent inhibition of insulin secretion. In addition, evidence is presented that supports TNF ϩ LPS ϩ IFN-␥ -induced resident macrophage expression and release of IL-1 in islets, followed by cytokine-induced inhibition of ␤ cell function as a mechanism by which resident macrophages mediate ␤ cell damage in human islets.
Methods
Materials. Human islets were provided by the Islet Isolation Core Facility at Washington University School of Medicine (St. Louis, MO) and the Diabetes Research Institute at the University of Miami (Miami, FL). Human recombinant IL-1 ␤ was from Cistron Biotechnology (Pine Brook, NJ). Human recombinant IFN-␥ and human recombinant TNF-␣ were from Boehringer Mannheim (Indianapolis, IN). Human recombinant IL-1 receptor antagonist protein (IRAP) was a gift from Dr. Charles Hall (Upjohn, Kalamazoo, MI). CMRL-1066 tissue culture medium, penicillin, streptomycin, L -glutamine, and all PCR oligonucleotide primers were from GIBCO BRL (Gaithersburg, MD). FCS was obtained from Hyclone Labs (Logan, UT). Aminoguanidine hemisulfate (AG) was from Sigma Chemical Co. (St. Louis, MO). ECL reagents were obtained from Amersham (Arlington Heights, IL). Horseradish peroxidase-conjugated donkey antirabbit IgG, FITC-conjugated donkey anti-guinea pig and donkey anti-mouse IgG, and CY3-conjugated donkey anti-rabbit and donkey anti-goat IgG were from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA). Affinity-purified goat anti-human IL-1 ␤ and mouse anti-human macrophage CD68 were from R&D Systems (Minneapolis, MN) and Biomeda Corp. (Foster City, CA), respectively. Rabbit anti-human iNOS antiserum used in Fig. 1 was prepared as described previously (8) . All other Western blots were performed with rabbit anti-human iNOS prepared against the COOH-terminal 19 amino acids of human iNOS (Santa Cruz Biotechnology, Santa Cruz, Ca). All other reagents were from commercially available sources.
Islet culture, lymphoid cell depletion, and insulin secretion. Freshly isolated human islets were cultured for 3 d at 37 Њ C in complete CMRL-1066 (CMRL-1066 containing 2 mM L -glutamine, 10% heatinactivated FCS, 100 U/ml penicillin, and 100 g/ml streptomycin) before experimentation. Resident lymphoid cells were depleted from human islets as previously described for rat islets (6) . In brief, isolated human islets were cultured at 24 Њ C in an atmosphere of 95% air and 5% CO 2 in complete CMRL-1066 tissue culture medium for 7 d. Islets were removed from the 24 Њ C culture, washed three times with fresh complete CMRL-1066, and were then cultured for 3 d at 37 Њ C in complete CMRL-1066. Resident macrophage depletion was confirmed by immunohistochemical analysis of CD68-positive macrophages using methods outlined below. Glucose-stimulated insulin secretion by human islets, incubated for 40 h with the indicated concentrations of IRAP, IFN-␥ , TNF, LPS, and AG, was performed as described previously (9) . Where indicated, human islets were pretreated for 15 min with IRAP before incubation with cytokines and LPS.
Human islet dispersion. Isolated human islets were dispersed into individual cells by treatment with trypsin (1.0 mg/ml) in Ca -free Hanks' solution at 37 Њ C (7, 10) . The dispersed islet cells were counted and immediately aliquoted into 24-well microtiter plates (120,000 cells/400 l of complete CMRL-1066) and cultured for 1 h. Experiments were initiated by the addition of cytokines as described above.
Western blot analysis and nitrite determination. iNOS protein expression was determined by Western blot analysis as described previously for human islets (8) . Nitrite production was determined as described previously (11) by mixing 50-l portions of culture media with 50 l of Griess reagent and the absorbance at 540 nm was determined.
Immunohistochemistry. Immunohistochemistry was performed as previously described for sequential double staining of intact rat islets (7). In brief, after cytokine stimulation, islets (2,000/3 ml of complete CMRL-1066) were isolated by centrifugation, washed three times in 0.1 M PBS, pH 7.4, and then fixed overnight in 2% paraformaldehyde in 0.1 M PBS at 4 Њ C. The islets were cryopreserved by incubation at 4 Њ C in 0.1 M PBS containing 10% sucrose. Sections were prepared ( ‫ف‬ 8 m) and sequentially stained for human iNOS using rabbit anti-human iNOS (1:500 dilution) and indocarbocyanine (CY-3)-conjugated donkey anti-rabbit secondary antiserum (1:200 dilution; red fluorescence), and insulin using guinea pig anti-human insulin (1:500 dilution) and FITC-conjugated donkey anti-guinea pig secondary antiserum (1:200 dilution; green fluorescence).
For immunohistochemical identification of IL-1-expressing cells, human islets (150/400 l of complete CMRL-1066), cultured for 4 h with or without 50 ng/ml TNF ϩ 10 M LPS ϩ 750 U/ml IFN-␥ , were isolated and dispersed into individual cells (see above). Islet cells were washed three times with 0.1 M PBS (pH 7.4) and diluted to a concentration of 40,000 cells/100 l. The cells were transferred to Superfrost/Plus microscope slides by cytospin. The slides were fixed in 4% paraformaldehyde for 1 h at 4 Њ C and then blocked for 1 h with 5% BSA (in 0.1 M PBS). The slides were incubated overnight at room temperature with a 1:25 dilution (in 0.1 M PBS containing 1% BSA) of goat anti-human IL-1 ␤ antiserum, followed by a 1-h incubation with a 1:100 dilution of mouse anti-human macrophage antiserum (CD68). The slides were washed three times with 150 l of PBS and then incubated for 1 h with a 1:200 dilution of FITC-conjugated donkey anti-mouse and CY3-conjugated donkey anti-goat secondary antibody for IL-1 ␤ and CD68, respectively. Immunofluorescence microscopy was used for the detection of IL-1 ␤ -expressing cells and CD68-positive macrophages.
PCR. Total RNA was isolated from islets using the Qiagen RNeasy RNA isolation kit. Total RNA (2.5 g) from each sample was then used to prepare first-strand cDNA with the GIBCO BRL Preamplification Superscript kit. A standard 25-l PCR reaction containing 2.5 l from the RT reaction, 200 M each of dATP, dCTP, dGTP, and dUTP, 50 pmol each of forward and reverse primers, 2 U of Taq DNA polymerase (Promega, Madison, WI), 1.5 mM MgCl 2 , and 2.5 l of the supplied 10 ϫ reaction buffer was performed. IL-1 ␣ , IL-1 ␤ , iNOS, and GAPDH primers used for PCR were: ( a ) IL-1 ␣ forward primer 5 Ј -CCACTCCATGAAGGCTGCATG-3 Ј , reverse primer 5 Ј -GGTGCTGACCTAGGCTTGATG-3 Ј (PCR product size ϭ 204 bp); ( b ) IL-1 ␤ forward primer 5 Ј -CCTGTGGCCTTGGGCCTCAA-3 Ј , reverse primer 5 Ј -GGTGCTGATGTACCAGTTGGG-3Ј (PCR product size ϭ 204 bp); (c) iNOS forward primer 5Ј-ACATTGAT-CAGAAGCTGTCCCAC-3Ј, reverse primer 5Ј-CAAAGGCTGT-GAGTCCTGCAC-3Ј (PCR product size ϭ 236 bp); (d) GAPDH forward primer 5Ј-GCTGGGGCTCACCTGAAGGG-3Ј, reverse primer 5Ј-GGATGACCTTGCCCACAGCC-3Ј (PCR product size ϭ 343 bp).
Each PCR reaction mixture was overlaid with one drop of mineral oil, and then incubated in a thermal cycler using the following profile: an initial denaturation step at 94ЊC for 5 min, followed by 30 cycles of 94ЊC for 45 s, 60ЊC for 45 s, and 72ЊC for 75 s. The samples were finally incubated at 30ЊC for 2 min. To each reaction, 5 l of 6ϫ loading dye (Promega) was added, and then 12 l from each PCR reaction was run alongside 5 l of 100 BP marker (Promega) on a 1.5% agarose gel containing 0.5 g/ml ethidium bromide. PCR products were visualized with ultraviolet light and photographed.
Semiquantitative PCR. cDNA prepared as described above was used for semiquantitative PCR as previously described (12, 13) . In brief, each cDNA template was diluted 1:25 and 1:50 for both IL-1␣ and IL-1␤ reactions, and 1:125 and 1:250 for GAPDH reactions. Therefore, amplification of each cDNA species for each sample was represented by two different concentrations of initial cDNA template. This would later be used to verify that each reaction was amplified in the linear range, and that PCR product yields were proportional to initial concentrations of cDNA template. From each cDNA dilution, 5 l was used in a standard 25-l PCR reaction as described above, and 2.5 Ci of [␣-32 P]dCTP was added. PCR was conducted according to the standard profile described above with the exception Figure 1 . Time course of expression and cellular source of iNOS in human islets treated with IL-1␤ ϩ IFN-␥. (A) Freshly isolated human islets (150/400 l of complete CMRL-1066) were cultured for the indicated times with 75 U/ml IL-1␤ and 750 U/ml IFN-␥. Human islet proteins were separated on 8% polyacrylamide SDS gels and iNOS expression was determined by Western blot analysis. (B) For immunohistochemical detection of iNOS and insulin, 8-m frozen sections were prepared from human islets exposed to IL-1 ϩ IFN-␥ for 40 h. Insulin was detected with guinea pig anti-human insulin (1:500 dilution) and FITC-conjugated donkey anti-guinea pig secondary antiserum (1:200 dilution; green fluorescence). Human iNOS was detected with the same rabbit anti-human iNOS antiserum (1:500 dilution) used for Western blots shown in A, and indocarbocyanine (CY-3)-conjugated donkey anti-rabbit secondary antiserum (1:200 dilution; red fluorescence). Colocalization of insulin and iNOS results in an intense yellow fluorescence after double exposure. Results are representative of two independent experiments from two human islet isolations.
of reducing the cycle number to 22. From each PCR reaction 12 l was run on a 1.5% agarose gel, the gels were dried, and phosphorimage analysis was conducted using a PhosphorImager and ImageQuant Software version 3.3 (Molecular Dynamics, Inc., Sunnyvale, CA). The values obtained for each IL-1 PCR reaction were normalized as a percentage of the values obtained for each GAPDH control. Under the conditions used, the PCR product signal is proportional to the amount of cDNA subjected to PCR amplification.
Figure preparation. Ethidium-stained agarose gels and Western blot autoradiograms were scanned into NIH Image version 1.59 using a high performance CCD camera (COHU, Brookfield, WI). The images were then imported into Canvas 3.5 (Deneba Software, Miami, FL) for the preparation of figures.
Results and Discussion
Human islet cellular source of iNOS. Our previous studies have identified IL-1␤ ϩ IFN-␥ as the minimal combination of cytokines required to stimulate iNOS expression and nitric oxide production by human islets (9, 14) . Alone, IL-1, TNF, or IFN-␥ does not stimulate iNOS expression by human islets, nor do the combinations of TNF ϩ IFN-␥ or IL-1 ϩ TNF (9, 14) . As shown in Fig. 1 A, treatment of human islets with 75 U/ml IL-1␤ ϩ 750 U/ml IFN-␥ results in the time-dependent expression of iNOS that is first apparent after a 12-h exposure and maximal after a 24-and 48-h incubation. The cellular source of iNOS in human islets treated for 40 h with IL-1␤ ϩ IFN-␥ was examined by immunohistochemical colocalization of iNOS and insulin (Fig. 1 B) . The combination of IL-1␤ ϩ IFN-␥ stimulates high levels of iNOS expression in human islets (red fluorescence) and iNOS expression nearly completely colocalizes with insulin-containing cells (green) as evidenced by the intense yellow fluorescence upon double exposure. IL-1 ϩ IFN-␥ also appear to stimulate iNOS expression in a number of islet cells that do not contain insulin. However, human ␤ cells release insulin in culture, thus it is not clear if these cells are ␤ cells with depleted insulin stores or if a second population of islet cells also expresses iNOS in response to this cytokine combination. In controls, iNOS expression was not detected in untreated human islets and staining was not observed using secondary antisera alone (data not shown). These findings indicate that ␤ cells are a cellular source of iNOS in human islets after treatment with IL-1␤ ϩ IFN-␥.
TNF ϩ LPS ϩ IFN-␥-induced iNOS expression and nitrite production by human islets requires the intraislet release of IL-1. Treatment of rat islets with TNF ϩ LPS results in a potent inhibition of insulin secretion that is mediated by the in- Figure 2 . Effects of intraislet release of IL-1 on nitrite production and iNOS expression by human islets. Human islets (150/400 l of complete CMRL-1066) were treated for 40 h with 75 U/ml IL-1, 750 U/ml IFN-␥, 50 ng/ml TNF-␣, 10 g/ml LPS, and 5 g/ml human recombinant IRAP at 37ЊC as indicated. (A) After the treatment period, media were removed for nitrite determination, and (B) the human islets were isolated and used to detect iNOS expression by Western blot analysis. (C) Human islets (80 islts/400 l of complete CMRL-1066) were cultured for 8 h with the indicated concentrations of cytokines and LPS. Total RNA was isolated and iNOS mRNA expression was determined by RT-PCR. Nitrite data are the meanϮSEM of four independent experiments from four separate human islet isolations. Western blot data are representative of four independent experiments from four separate human islet isolations. RT-PCR is representative of two independent experiments from two separate human islet isolations.
traislet release of IL-1 followed by IL-1-induced iNOS expression by ␤ cells (7) . Therefore, we examined the effects of TNF ϩ LPS on iNOS expression and nitrite production by human islets. Either alone or in combination, TNF (10 ng/ml) ϩ LPS (10 g/ml) fail to stimulate iNOS expression or nitrite production by human islets after a 40-h exposure (data not shown). Since human ␤ cells require a combination of IL-1 ϩ IFN-␥ to stimulate iNOS expression (Fig. 1) , the lack of iNOS expression in response to TNF ϩ LPS may be due to the absence of IFN-␥. Therefore, the effects of TNF ϩ LPS ϩ IFN-␥ on iNOS expression and nitrite production by human islets were examined. Incubation of human islets for 40 h with TNF ϩ LPS ϩ IFN-␥ results in iNOS expression and a threefold increase in nitrite production (Fig. 2) . IRAP (5 g/ml) prevents TNF ϩ LPS ϩ IFN-␥-induced nitrite production and iNOS protein expression by human islets (Fig. 2, A and B,  respectively) , indicating that iNOS expression and nitrite production require the intraislet release of IL-1. In addition, antisera specific for IL-1␣ and IL-1␤ attenuate TNF ϩ LPS ϩ IFN-␥-induced nitrite formation and iNOS expression by human islets (data not shown).
TNF ϩ LPS ϩ IFN-␥ also stimulate the accumulation of iNOS mRNA by human islets after an 8-h exposure (Fig. 2 C) . Although IRAP prevents TNF ϩ LPS ϩ IFN-␥-induced iNOS protein expression and nitrite formation by human islets, this receptor antagonist does not inhibit iNOS mRNA accumulation under these conditions. We believe that resident macrophages may be the islet cellular source of iNOS mRNA that is stimulated by TNF ϩ LPS ϩ IFN-␥, and that it is insensitive to IRAP. Evidence to support this conclusion includes the finding that macrophage depletion by culturing islets for 7 d at 24ЊC prevents TNF ϩ LPS ϩ IFN-␥-induced iNOS mRNA expression (see Fig. 4 C) . In addition, IRAP has been shown to prevent TNF ϩ LPS-induced iNOS protein expression by ␤ cells, but without inhibiting iNOS expression by a subpopulation of rat islet cells ‫ف(‬ 5-10/islet) believed to be resident macrophages (7). Thus, TNF ϩ LPS ϩ IFN-␥-induced iNOS expression and nitric oxide production by human islets appear to require the intraislet release of IL-1 followed by IL-1 ϩ IFN-␥-induced iNOS expression by ␤ cells. TNF ϩ LPS ϩ IFN-␥ also stimulate iNOS mRNA expression by a second population of cells believed to be resident macrophages.
TNF ϩ LPS ϩ IFN-␥-induced inhibition of insulin secretion is attenuated by IRAP and AG. To determine if ␤ cell function is inhibited by the endogenous production of IL-1 in human islets, the effects of TNF ϩ LPS ϩ IFN-␥ on glucosestimulated insulin secretion were examined. Treatment of human islets for 40 h with a combination of TNF ϩ LPS ϩ IFN-␥ results in ‫ف‬ 70% inhibition of glucose-stimulated insulin secretion (Fig. 3) . The inhibitory effects of TNF ϩ LPS ϩ IFN-␥ on insulin secretion are attenuated by IRAP. This result supports the hypothesis that activation of resident islet macrophages results in an impairment of ␤ cell function by a mechanism that requires the intraislet release of IL-1. Also, the iNOS-selective inhibitor AG (15, 16) attenuates TNF ϩ LPS ϩ IFN-␥-induced inhibition of insulin secretion to levels that are comparable to those seen with IRAP. This result is consistent with our previous studies showing that IL-1 ϩ TNF ϩ IFN-␥-induced inhibition of insulin secretion by human islets is attenuated by NMMA (9) , and indicates that nitric oxide mediates, in part, the inhibitory effects of cytokines on human islet function. The lack of complete prevention of TNF ϩ LPS ϩ IFN-␥-induced inhibition of insulin secretion by either IRAP or AG suggests that nitric oxide may not be the only effector molecule that participates in the inhibition of ␤ cell secretory function under these conditions.
Lymphoid cell depletion attenuates TNF ϩ LPS ϩ IFN-␥-induced iNOS expression by human islets. Results from Figs.
2 and 3 indicate that TNF ϩ LPS ϩ IFN-␥ stimulate iNOS expression and inhibit insulin secretion by a mechanism that requires the endogenous production and release of IL-1 in human islets. To determine if resident macrophages are an islet source of IL-1, the effects of TNF ϩ LPS ϩ IFN-␥ on nitrite production and iNOS expression by human islets depleted of resident macrophages have been evaluated. The combination of TNF ϩ LPS ϩ IFN-␥ fails to stimulate nitrite production or iNOS protein expression by human islets cultured for 7 d at 24ЊC (Fig. 4, A and B) . Low levels of iNOS mRNA are detected under these conditions (Fig. 4 C) . However, the level of expression is considerably reduced as compared with iNOS expression by freshly isolated human islets (Fig. 2 C) . In addition, a 7-d culture at 24ЊC does not inhibit ␤ cell function as IL-1␤ ϩ IFN-␥ stimulate the expression of iNOS and production of nitrite to levels nearly equivalent to those produced by freshly isolated human islets (Figs. 2 and 4) . These results show that a 7-d culture at 24ЊC does not inhibit ␤ cell expression of iNOS (in response to IL-1 ϩ IFN-␥) but prevents iNOS expression stimulated by the intraislet release of IL-1 (TNF ϩ LPS ϩ IFN-␥), and provides evidence to suggest that resident macrophages are a cellular source of IL-1 in human islets.
To confirm that a 7-d culture at 24ЊC depletes human islets of resident macrophages, the effects of this culture condition on the presence of resident macrophages was examined by immunohistochemistry. For these experiments, islets either freshly isolated or cultured for 7 d at 24ЊC were dispersed into individual cells and plated onto slides by cytospin. The number Figure 3 . Effects of resident islet macrophage activation on glucosestimulated insulin secretion by human islets. Human islets (220/1 ml of complete CMRL-1066) were cultured for 40 h with 750 U/ml IFN-␥, 50 ng/ml TNF-␣, 10 g/ml LPS, 5 g/ml IRAP, and 1 mM AG as indicated. The islets were isolated and glucose-stimulated insulin secretion was examined as described in Methods. Results are the meanϮSEM of four independent experiments containing three to four replicates per condition from four independent human islet isolations.
of macrophages in human islets was determined in a doubleblind fashion by immunofluorescent microscopy using antisera specific for human macrophages (mouse anti-human CD68). Freshly isolated human islets contain 5.5Ϯ1.1 CD68-positive macrophages/100 islet cells, while islets cultured for 7 d at 24ЊC contain 0.77Ϯ0.42 CD68-positive macrophages/100 islet cells. These results, which are the averageϮSEM of two experiments containing two replicates per condition, provide evidence that a 7-d culture at 24ЊC results in the depletion of Ͼ 80% of resident islet macrophages, although it does not result in the complete loss of this islet cell population.
Isoform(s) of IL-1 expressed in human islets in response to TNF ϩ LPS ϩ IFN-␥.
Recently, IL-1␣ mRNA expression has been detected in mononuclear leukocytes purified from islets isolated from nonobese diabetic (NOD) mice recently diagnosed with autoimmune diabetes (13, 17). Using RT-PCR and semiquantitative PCR, we have examined the effects of TNF ϩ LPS ϩ IFN-␥ on the time-dependent expression of IL-1␣ and IL-1␤ mRNA, and quantitated the levels of each mRNA species in human islets. TNF ϩ LPS ϩ IFN-␥ stimulate the timedependent expression of both IL-1␣ and IL-1␤ mRNA that is first apparent at 4 h and appears to be maximal after a 12-h incubation (Fig. 5 A) . Neither IL-1␣ nor IL-1␤ expression is detected in untreated control human islets. The levels of IL-1␣ and IL-1␤ mRNA which accumulate in response to TNF ϩ LPS ϩ IFN-␥ were directly compared by semiquantitative PCR. As shown in Fig. 5 B, TNF ϩ LPS ϩ IFN-␥ stimulate a nearly twofold increase in the levels of IL-1␤ as compared with IL-1␣ mRNA after a 12-h incubation. Although both isoforms of IL-1 are expressed, these results suggest that the predominate isoform expressed in human islets in response to a 12-h incubation with TNF ϩ LPS ϩ IFN-␥ is IL-1␤. In further support for an important role of IL-1␤ in the initiation of autoimmune diabetes, Cailleau et al. (18) have shown recently that neutralizing antibodies specific for IL-1␤ prevent cyclophosphamide-induced diabetes in the NOD mouse.
The effects of a 7-d culture at 24ЊC on IL-1␣ and IL-1␤ mRNA accumulation in response to a 4, 8, or 12 h of incubation with TNF ϩ LPS ϩ IFN-␥ have also been examined. Macrophage-depleted human islets do not express IL-1␣ or IL-1␤ mRNA in response to TNF ϩ LPS ϩ IFN-␥ (data not shown). The lack of IL-1 expression by human islets that have been depleted of resident macrophages provides additional evidence that resident macrophages may be one islet cellular source of IL-1.
Identification of resident macrophages as the human islet Figure 4 . Effects of macrophage depletion on iNOS expression and nitrite production by human islets. Isolated human islets were cultured for 7 d at 24ЊC to deplete resident macrophages. The islets (150/400 l of complete CMRL-1066) were then treated for 40 h with 75 U/ml IL-1, 750 U/ml IFN-␥, 50 ng/ml TNF-␣, 10 g/ml LPS, and 5 g/ml human recombinant IRAP at 37ЊC as indicated. (A) After the treatment period, the culture media were removed for nitrite determination, and (B) the islets were isolated and iNOS expression was determined by Western blot analysis. (C) Macrophage-depleted human islets (80 islts/400 l of complete CMRL-1066) were cultured for 8 h with the indicated concentrations of cytokines and LPS. The islets were isolated and iNOS mRNA expression was determined by RT-PCR. Nitrite data are the meanϮSEM of four independent experiments from four separate human islet isolations. Western blot data are representative of four independent experiments from four separate human islet isolations, and RT-PCR is representative of two independent experiments from two separate human islet isolations.
cellular source of IL-1. To determine the cellular source of IL-1, human islets were cultured for 4 h with TNF ϩ LPS ϩ IFN-␥. The islets were isolated, dispersed into individual cells, fixed onto slides, and then stained for IL-1 and the macrophage surface marker CD68. As shown in Fig. 6 , TNF ϩ LPS ϩ IFN-␥ stimulate IL-1␤ expression in a limited number of islet cells as evidenced by the punctate red fluorescence (Fig. 6 , middle right), and IL-1␤ expression localizes with CD68 positive macrophages (Fig. 6 , green fluorescence), as evidenced by the yellow fluorescence after double exposure (Fig. 6, bottom  right) . Importantly, not every CD68-positive macrophage stains positive for IL-1␤ (5.5Ϯ1.07 CD68-positive macrophages/100 islet cells as compared with 3.6Ϯ0.7 IL-1␤-positive cells/100 islet cells). However, IL-1␤ was not detected in any islet cell type other than CD68-positive macrophages. In addition, IL-1␤ expression is not detected in untreated islet endocrine or nonendocrine cells although a similar number of CD68-positive macrophages were detected, as compared with TNF ϩ LPS ϩ IFN-␥-treated human islets (Fig. 6, left) . In addition, cross-reactivity of secondary antisera and nonspecific primary antisera of the same species was not observed. These findings provide direct evidence that CD68-positive macrophages are the islet cellular source of IL-1␤ in response to TNF ϩ LPS ϩ IFN-␥.
Mechanisms of IL-1 release in human islets.
Recent studies suggest that nitric oxide is required for the release of biologically active IL-1 from mouse peritoneal exudate cells and RAW 264.7 macrophages (19) . iNOS inhibitors NMMA and AG prevent LPS ϩ IFN-␥-and LPS-induced IL-1 release and nitric oxide production by mouse peritoneal exudate cells and RAW 264.7 cells, respectively (19) . If nitric oxide participates in IL-1 release by resident islet macrophages, then the inhibition of nitric oxide production should prevent TNF ϩ LPS ϩ IFN-␥-induced iNOS expression by human islets. As shown in Fig. 7 , AG (and NMMA, data not shown) completely prevents TNF ϩ LPS ϩ IFN-␥-induced nitrite formation, but does not inhibit iNOS expression by human islets. However, IRAP prevents TNF ϩ LPS ϩ IFN-␥-induced iNOS expression and nitrite formation. These results indicate that nitric oxide is not required for TNF ϩ LPS ϩ IFN-␥-induced IL-1 release in human islets. As a control, the ability of AG to attenuate IL-1␤ ϩ IFN-␥-induced nitrite production without inhibiting iNOS expression by human islets is also shown (Fig. 7) . These findings indicate that the intraislet release of IL-1 in human islets is by a mechanism that is independent of nitric oxide production.
Several studies have shown that macrophage damage or death (either by apoptosis or necrosis) results in the release of IL-1 (20, 21) . To determine if cellular damage participates in intraislet IL-1 release, the individual effects of IFN-␥ on iNOS expression by human islets physically dispersed into individual cells were examined. Islet dispersion involves the treatment of intact islets with trypsin, an experimental manipulation that results in the destruction of ‫ف‬ 5% of islet cells (based on trypan blue exclusion, data not shown). Recently, we have shown that macrophage damage after the physical dispersion of rat islets into individual cells results in the release of IL-1 to levels that are sufficient to stimulate iNOS expression in the presence of exogenously added IFN-␥ (22) . Treatment of dispersed human islet cells with IFN-␥ results in the expression of iNOS as determined by Western blot analysis (Fig. 8 A) . IRAP completely prevents IFN-␥-induced iNOS expression, indicating that physical dispersion of human islets into individual cells results in the endogenous release of IL-1. In addition, antisera specific for IL-1␣ and IL-1␤ also significantly attenuate iNOS expression by dispersed islet cells stimulated by IFN-␥ (data not shown). To determine if resident macrophages are a cellular source of IL-1, the effects of macrophage depletion on IFN-␥-induced iNOS expression by dispersed human islet cells were examined (Fig. 8 B) . Although IFN-␥ stimulates the expression of iNOS by freshly isolated dispersed human islet cells, IFN-␥ does not induce the iNOS expression by dispersed islet cells prepared from macrophage-depleted human islets. In addition, the 7-d culture at 24ЊC does not inhibit ␤ cell expression of iNOS in response to IL-1 ϩ IFN-␥. These results suggest that cellular damage may be one mechanism that leads to the release of IL-1 in human islets by resident macrophages.
In this study evidence is provided in support of the hypothesis that activation of resident macrophages in human islets results in the impairment of ␤ cell function by a mechanism that is dependent on the intraislet release of IL-1. The inhibitory effects of resident macrophage activation on ␤ cell function appear to be mediated by the expression of iNOS and the in- Immunohistochemical localization of resident macrophages as the human islet cellular source of IL-1. Human islets were untreated (Control) or treated for 4 h with 50 ng/ml TNF ϩ 10 g/ml LPS ϩ 750 U/ml IFN-␥. The islets were isolated, dispersed into individual cells, and plated onto slides by cytospin. IL-1␤ was identified using goat anti-human IL-1␤ and CY3-conjugated donkey anti-goat secondary antisera (red creased production of nitric oxide. Aminoguanidine attenuates the inhibitory effects of resident macrophage activation on insulin secretion by human islets, and IRAP prevents both the inhibitory effects of TNF ϩ LPS ϩ IFN-␥ on insulin secretion and the stimulatory effects on iNOS expression and nitric oxide production. These results suggest that nitric oxide, produced by human islet macrophages, does not mediate ␤ cell damage. However, the release of IL-1 in islets followed by IL-1 ϩ IFN-␥-induced iNOS expression by ␤ cells results in ␤ cell damage. Islets contain several nonendocrine cells that are potential sources of IL-1. These include endothelial cells, fibroblasts, macrophages, and dendritic cells. In rat islets, endothelial cells appear to "ball up" and are extruded after a 48-h culture and fibroblasts are normally found in only a thin capsule around islets and this capsule is lost during isolation (Bonner-Weir, S., personal communication). In this study, human islets were cultured for 72 h before initiation of experiments, or conditions under which endothelial cells would be extruded from islets. We believe that macrophages are the source of IL-1 in human islets, as culture conditions known to deplete islets of lymphoid cells prevent TNF ϩ LPS ϩ IFN-␥-induced iNOS and IL-1 expression and nitrite production by human islets. In addition, immunohistochemical colocalization of IL-1 with the macrophage surface marker CD68 provides direct evidence that resident macrophages are the islet cellular source of IL-1.
It is clear that human macrophages express iNOS (23) (24) (25) . However, it has been difficult to demonstrate increased production of nitric oxide by activated human macrophages to levels comparable to the levels produced by rodent macrophages (26) . Our studies suggest that resident human macrophage production of nitric oxide does not inhibit ␤ cell function. However, macrophage activation and cytokine release, followed by cytokine-induced iNOS expression by target ␤ cells, may be one mechanism by which resident human macrophages mediate tissue damage during the development of IDDM.
These studies also raise the possibility that resident islet macrophages may participate in the initial destruction of ␤ cells leading to the activation of an immune process resulting in the continued destruction of remaining ␤ cells. The precipitating events that lead to initial ␤ cell destruction during the development of IDDM are unknown (27) . However, environmental factors appear to play an important role. Evidence for environmental factors comes from the relatively low concordance of IDDM between identical twins (Ͻ 40%) (28) . Environmental factors that have been implicated in the development of IDDM include chemical toxins or viral infections (29, 30) . Several hypotheses have suggested that environmental factors either "trigger" ␤ cell death by directly targeting ␤ cells, or contribute to ␤ cell autoimmunity by unknown mechanisms (31). Our findings provide biochemical evidence to support a role for resident macrophages as a potential target for an environmental insult that may trigger the initiation of IDDM in genetically predisposed individuals. Viral infections are known stimuli for macrophage activation and cytokine release (32, 33) , and cellular damage is one mechanism associated with IL-1 release by macrophages (20, 21) . In addition, we have shown recently that dsRNA, the active component of a viral infection that stimulates antiviral activities in infected cells, stimulates IL-1 release by mouse macrophages (34) . In fluorescence), and macrophages were identified using mouse anti-human macrophage (CD68) and FITC-conjugated donkey anti-mouse secondary antisera (red fluorescence). Colocalization of IL-1␤-and CD68-positive macrophages is shown by yellow fluorescence after double exposure. Results are representative of two individual experiments. Figure 7 . Effects of AG on TNF ϩ LPS ϩ IFN-␥-induced IL-1 release in human islets. Human islets (150/400 l of complete CMRL-1066) were cultured for 40 h at 37ЊC with 75 U/ml IL-1␤, 750 U/ml IFN-␥, 50 ng/ml TNF-␣, 10 g/ml LPS, 5 g/ml IRAP, and 1 mM AG as indicated. (A) The culture media were removed for nitrite determinations, and (B) the islets were isolated for Western blot detection of iNOS expression. The results are representative of three independent experiments from three separate human islet isolations. Figure 6 legend (Continued) this study, we show that a combination of TNF ϩ LPS ϩ IFN-␥ inhibits ␤ cell function by a mechanism that is dependent on the intraislet release of IL-1 and the production of nitric oxide. The islet cellular source of IL-1 is believed to be resident macrophages, and cellular damage appears to be one mechanism by which resident macrophages release IL-1 in human islets. iNOS expression by human ␤ cells requires IFN-␥ in addition to IL-1. T cells are the most likely cellular source of IFN-␥. Viral infection would be expected to stimulate macrophage release of IL-1, and to stimulate T cell migration (to islets) and activation resulting in the release of IFN-␥. The release of these cytokines in the microenvironment of the islet would be sufficient to stimulate iNOS expression by ␤ cells, resulting in ␤ cell damage and the release of potential autoantigens or ␤ cell neoantigens leading to autoimmunity against the ␤ cell.
